Abstract-A review of the millimeter-wave free-electron laser experimental program at the Naval Research Laboratory is presented. Specific attention is focused on the recent results of superradiant and amplifier experiments on a pulseline accelerator using an axial guide magnetic field, and on the results of a superradiant experiment on a linear induction accelerator without a guide magnetic field.
I. INTRODUCTION HE free-electron laser (FEL)
, when driven by an intense electron beam of moderate energy ( -1 MeV) and low parallel velocity spread (AyJy, 5 1 percent), is capable of generating extremely high-power, continuously tunable millimeter wavelength radiation with high gain and moderate efficiency. Such a device may have important applications, either as an oscillator or an amplifier, for such purposes as plasma heating, advanced electron accelerators, communications, or for other high-power applications for which no comparable sourc.es exist. For this reason, there has been great interest in investigating the physics of such devices and demonstrating their experimental feasibility.
The Naval Research Laboratory (NRL) has played a pioneering role in the experimental development of FEL's in this operating regime, as well as in developing the theory for such devices. The experimental work began in the early 1970's when high-current pulseline accelerators became available, and resulted from the desire to employ the intense relativistic electron beams made possible by these devices for high-power microwave generation. At that time Friedman and Herndon [ l ] used such an accelerator to generate powerful microwave emission. They employed a rippled-magnetic-field, fast-wave configuration similar to that used by R. M. Phillips in his earlier ubitron experiments 121, [3] , in an attempt to scale the ubitron results to very high powers. It is now generally recognized that the ubitron mechanism was identical to what is now termed the FEL interaction, even though the electron beam energy was quite low, and that Phillips' series of experiments were the first serious investigation of long-wavelength FEL devices. Early FEL experiments using intense relativistic electron beams were frequently referred to as stimulated scattering 141, but after the infrared FEL experiments at Stanford University [5] , [6] popularized the term "free-electron laser," and the equivalence of the FEL and stimulated scattering mechanisms was shown [7] , [8] , the high-current, millimeter-wave experiments also began to be referred to as FEL's. The first intense relativistic electron beam experiments to be interpreted as stimulated scattering were performed at NRL beginning in 1972 [9] , [lo] . These experiments were designed to operate as cyclotron masers at a wavelengthof -2 cm, but strong submillimeter-wavelengthemis-. sion was also observed. It was postulated that this high frequency output was generated when the lower frequency maser radiation was reflected from the output window back onto the electron beam. This reflected radiation was then scattered from the beam, this time with a Doppler frequency upshift, to produce the submillimeter radiation. The low frequency radiation therefore became the electromagnetic wiggler for an FEL interaction. A followup experiment was performed in 1976 [ l l ] that was designed to maximize the FEL interaction and unequivocally demonstrate this mechanism by separating the maser and FEL interaction regions. When the lengths of the two regions were optimized, 400 pm radiation was generated at a power of -1 MW.
At about the same time this experiment was performed, a group at Columbia University carried out a series of experiments in which the electromagnetic wiggler was replaced by a periodic magnetic wiggler [ 121- [ 141. These experiments also produced -1 MW of millimeter-wavelength ,radiation, The congruence of research interests at Columbia University and NRL led to a collaborative effort at NRL in 1978, in which experimental studies of FEL operation in both superradiant and oscillator configurations were performed [15] . The results showed a signifi-U.S. Government work not protected by U.S. copyright IEEE JOURNAL OF QUANTUM ELECTROhlCS, VOL.
QE-21, NO. 7 , JULY 1985 cant line narrowing, from -10 to -2 percent, when feedback was introduced into the experiment. Again, about 1 MW of 400 pm radiation was generated, and the wavelength agreed well with theory. However, although the very high powers produced in these early experiments were very encouraging, the efficiencies of all of them were quite low ( < 0.2 percent).
When viewed in retrospect, it became apparent that the low efficiencies observed in the previous experiments were most likely the result of a variety of apparent experimental deficiencies, the most significant of which was inadequate electron beam quality. To address these issues, new experimental studies were undertaken at NRL. The primary focus of these studies was to demonstrate the efficient production of very high-power millimeter-wave FEL radiation using intense relativistic electron beams with kinetic energies of order 1 MeV (y -3), and to investigate the physics of such devices.
In any FEL device, the principal factors in determining the overall operating characteristics are the macroscopic and microscopic parameters of the electron beam used to drive the interaction. These beam parameters combine with the parameters of the wiggler magnetic field to define the operating range of the device. The primary determinant of the macroscopic parameters (beam current, current density, and energy) is the technology used to generate the accelerating voltage pulse. The microscopic characteristics (emittance, energy spread) are determined by the diode design and the beam optics. Two separate technologies, a conventional pulseline accelerator and a linear induction accelerator, have been employed in these recent studies. The characteristics of the beams produced. by each of these accelerators have a great bearing on the remaining details of the two experiments.
One NRL group began a program to generate much higher quality electron beams using a pulseline accelerator, and to study the physics of the FEL interaction using such beams. One of the experiments reviewed in this paper is a direct outgrowth of that effort, and employs the same pulseline accelerator (VEBA) that was used in the earlier NRL experiments. However, significant modifications have been made in the electron beam diode, to greatly improve the beam quality, as well as in other critical experimental details. The other experiment that is discussed below employs a linear induction accelerator (LIA) which has a much longer pulse duration but a somewhat smaller current. These experiments will be dealt with in separate sections below.
PULSELINE ACCELERATOR EXPERIMENTS

A . Background
The experiments on the VEBA pulseline accelerator make use of a conventional pulseline accelerator operating at beam kinetic energies of 0.9-1. 35 MeV with a 50 ns voltage pulse. The basic experimental configuration is shown in Fig. 1 . A 6 mm diameter solid electron beam of 0.6-1.5 kA with a low parallel velocity spread traverses a 10.8 mm i.d. stainless-steel drift tube under the combined influence of an axial guide magnetic field and a transverse wiggler magnetic field. At the end of the interaction region, the beam is allowed to expand into the wall of the drift tube, and the millimeter-wave radiation is typically radiated into the laboratory through a large microwave horn consisting of a 1.8 m long conical taper up to a 30 cm i.d. polyethylene vacuum window. The electron beam is produced by aperturing the emission of a special computer-optimized field-emission diode in order to scrape > 90 percent of the total diode current.
(This has an effect similar to the "emittance filtering" that has been employed on other types of accelerators, such as linear induction accelerators, in order to make beams suitable for FEL experimentation [16] .) While the beam is produced in an inefficient manner, and uses a technology (plasma-induced field emission) that is generally suitable only for short pulse (<< 1 ps) operation, the resulting electron beam has a current density of -2-5 kA/cm2 and a low velocity spread (Ayz/yz < 1 percent, where yz is the relativistic factor calculated from the beam axial velocity) that is suitable for FEL experimentation in either the collective or strong-pump regimes [8] in the millimeter wavelengths.
The 3 cm periodicity wiggler magnetic field is produced by pulsing a capacitor bank through a pair of bifilar windings on a 1 m coil form that is flared at either end. The result is a circularly polarized pump field that increases gradually over seven wiggler periods, to provide an adiabatic entry into the wiggler, is uniform over a 21 period long interaction region, and decreases to zero over an additional five periods, so that the electrons leave the wiggler without large amounts of transverse kinetic energy.
As a result of the very high current densities employed, the beam is produced with and must remain confined by an axial magnetic field. Furthermore, the electron beam quality is a function of the magnitude of the axial magnetic field, and for best operation, an axial magnetic field in excess of 10 kG must be employed. The presence of this axial field significantly affects the FEL interaction in several fundamental ways. First, the electron trajectories are strongly modified by the presence of an axial magnetic field, particularly when the wiggler-induced helical motion is close to resonance with the cyclotron period in the axial magnetic field. This gyroresonant effect strengthens the FEL interaction by increasing the amplitude of the helical motion driven by the wiggler field. Second, in addition to its effects on the particle motion, the axial magnetic field directly affects the strength of the FEL coupling through its effect on the ponderomotive potential, and can change the nature of the FEL instability. Third, the axial magnetic field makes possible an additional instability mechanism, the cyclotron maser instability, which can play a role in these experiments.
From the equations of motion in the presence of both axial and ideal helical wiggler magnetic fields, the electron velocity can be partitioned into axial and perpendicular components along ideal helical trajectories [ 171 :
Here, P,,, = vLJc, c is the velocity of light, no,, = leB,,,/ymcl are the relativistic cyclotron frequencies based on the axial and wiggler magnetic fields, m and e are the electron rest mass and charge, y is the relativistic mass factor, and k,$, = 21r/X,+,, where X , is the wavelength of the wiggler magnetic field. For the proper sense of the axial magnetic field, these equations introduce a gyroresonance into the electron motion, as seen in Fig. 2(a) for parameters typical of the superradiant FEL experiments on the VEBA accelerator. Note that the "ideal wiggler" curve in this figure corresponds to the use of a one-dimensional wiggler theory, in which the wiggler field is considered to be purely transverse and without radial variation. A three-dimensional orbit theory exists [ 181, which takes into account both the radial variation of the transverse wiggler field amplitude, as well as the axial component of the wiggler field.
A calculation based on this theory is shown in the figure as the line labeled "reafizable wiggler. " However, this theory applies only to axicentered orbits in the "realizable wiggler," in which the electrons are assumed to move along a particular helical trajectory in a constant phase relationship with the wiggler field. The electrons then experience both axial and radial wiggler field components which are determined by the self-consistent orbit radius and azimuthal phase, but which are constant along the orbit. This is not an accurate model to use for calculations involving a finite-radius solid electron beam, in which the electrons will execute approximately helical trajectories about their initial radii, rather than about the axis of the wiggler magnetic field, and thus will not remain in a constant phase relationship with the components of the wiggler field. For that reason, the one-dimensional orbit theory is used in this paper, but the specified wiggler field employed in the calculations is an average over the beam radius, rather than simply the value of the transverse wiggler field on axis.
The axial magnetic field affects the strength of the FEL interaction through the coupling parameter
which appears in the FEL dispersion equations [ 191. Here, 0, = /3./PZ, and y,-= (1 -P:)-"'. While Q, reduces to unity if either B, or B, vanishes, the combination of nonzero axial and wiggler fields results in significant variations in the value of CP, which results in substantial changes in the effective beam plasma frequency as well as in the strength of the FEL instability. Variation of Q, as a function of B, is shown in Fig. 2(b) for some typical experimental parameters. Q, can be either positive or negative, and its sign significantly affects the nature of the FEL instability. For CP > 0, one recovers the usual FEL regime, in which the collective FEL instability couples a stable electromagnetic wave with a stable beam space charge mode. Instability (and amplification) results when the positive energy electromagnetic wave is resonant with the pumpshifted negative energy space-charge wave on the beam. However, the regime above gyroresonance in which Q, is negative is particularly interesting because the FEL interaction then couples the electromagnetic mode to a beam space-charge wave, which is itself driven unstable by the presence of the wiggler magnetic field [20] . This regime is predicted to offer broader bandwidth as well as higher efficiency 1211, and in fact is the regime in which the experiment is observed to operate best. For these reasons, an axial magnetic field is an attractive feature that may be incorporated in future devices that do not require it solely for reasons of beam formation and space charge control.
However, the presence of an axial magnetic field is also a significant experimental complication, since it makes possible an additional instability mechanism capable of generating electromagnetic radiation, a relativistic negative-mass instability known as the cyclotron maser instability [22] . Typically, a large variety of such interactions are possible, in which the first or higher harmonics of the cyclotron frequency are coupled to a variety of modes of the interaction waveguide. Furthermore, there are also possible couplings involving both a cyclotron harmonic and the wiggler period [23] . Thus, the mere presence of a wiggler does not guarantee that the FEL mechanism will be dominant in a particular device, and counterexamples exist in the literature (see, e.g., [24] ). While the cyclotron maser and FEL mechanisms may both be attractive for very high-power millimeter-wave generation [ 2 5 ] , there is always a strong experimental interest in understanding the operative mechanism in an experiment. For this reason, care must be taken to distinguish experimentally between the FEL and cyclotron maser processes in any experiment utilizing both axial and wiggler magnetic fields.
On the other hand, it is possible to design an experiment in which the FEL mechanism should be dominant. To begin with, ideal helical motion, generated by the adiabatic entry of a paraxial electron beam into a region of helical wiggler magnetic field while under the influence of a uniform axial magnetic field, is tied to the spatial phase of the wiggler field, and is not subject to the usual cyclotronmaser azimuthal bunching instability mechanism. On the other hand, any additional transverse electron kinetic energy in Larmor motion, due to transverse beam energy produced either in the diode or generated by a nonideal entry into the region of uniform wiggler field, can couple to the cyclotron maser mechanism. The cyclotron maser instability is thus driven by a separate fraction of the electron motion than the FEL instability, and the two instabilities appear to be linearly independent. (This distinction begins to break down very near to gyroresonance.) Either instability may grow, depending on the microscopic character of the electron motion in the interaction region. However, based on some recent calculations in the parameter range of these experiments, the FEL growth rate for a cold electron beam appears theoretically to be somewhat larger than the cyclotron maser growth rate for a similar beam, based on equal amplitudes of transverse velocity either of axicentered wiggler-induced helical motion or of axicentered Larmor motion in the absence of a wiggler [26] . (The FEL and cyclotron maser instabilities are typically analyzed theoretically in isolation from each other, and often by different researchers, so that a general theory incorporating both mechanisms in the presence of both axial and wiggler magnetic fields remains to be produced.) Furthermore, in a well-designed experiment, the wiggler motion should predominate over Larmor motion, further enchancing the growth rate of the FEL instability relative to the cyclotron maser mechanism.
Therefore, the FEL mechanism can be expected to have a substantially higher relative growth rate, so that in a high gain experimeet, FEL emission is likely to dominate the emission spectrum.
From the viewpoint of experimental diagnostics, microwave radiation emerging from an experiment is characterized by power, frequency spectrum, polarization, and waveguide mode, but it does not directly carry any additional memory of the instability mechanism that caused its generation or amplification. Furthermore, the detailed knowledge of the electron phase space needed to predict the growth rate of the cyclotron maser mechanism is not generally experimentally accessible. Thus, the experimental distinction between the two instability mechanisms can only be made by a detailed comparison of the experimental behavior with predictions of frequency, mode, and power scaling derived from either model. Depending on the experimental parameters, in particular, on how close operation is to gyroresonance, and on the error bars on these experimental parameters, this distinction may be either clearcut or ambiguous.
It is precisely near gyroresonance that the electron motion is expected to depart most substantially from the ideal helical motion that is desired in an FEL, and thus, potentially, to couple most strongly to the cyclotron maser instability; this is due in part to the difficulty of adiabatic entry into the region of uniform wiggler fields when operating near gyroresonance. For this reason, the portion of parameter space very near to gyroresonance that is most ambiguous, in terms of distinguishing the two instability mechanisms, is avoided experimentally. The detailed frequency and power scaling observed in these experiments is strong evidence that FEL emission is the dominant mechanism of radiation production. In addition, the closer the experimental parameters approach gyroresonance at constant (calculated) helical ( 3 l, the lower the saturated emission that has been experimentally observed in these FEL experiments.
Two classes of FEL experiments have been carried out on the VEBA accelerator, superradiant experiments and true amplifier experiments. In the superradiant experiments, spontaneous emission from the electron beam due to the presence of the wiggler field is highly amplified by the FEL interaction in a single pass through the interaction region, resulting typically in tens of megawatts of millimeter-wave emission that grows to saturation, in essence, from amplifier noise. Temporal isolation is used to avoid feedback effects during the short accelerator voltage pulse, in order to produce an unambiguous single pass result. In the true amplifier experiments, a signal wave substantially larger than the noise spectrum is injected into the FEL interaction region and coherently amplified to very high power in a single pass through the interaction region. For the parameters of the amplifier experiment, superradiant saturation will not occur without incorporating intentional feedback into the experiment. The superradiant experiments have the virtue of imposing no frequency constraints on the interaction, so that the final emission spectrum is the result of linear growth and possible saturation of the instability over the entire instantaneous bandwidth of the FEL interaction. For that reason, as well as for reasons of experimental simplicity, the first experiments to be carried out were in the superradiant configuration.
B. Superradiant Experiments
The first series of experiments was completed in 1981 and reported by R. K. Parker et al. [27] . Operating at 1. 35 MeV and 1 kA in a superradiant configuration, these experiments produced 35 MW of radiation at approximately 75 GHz with an interaction efficiency of 2.5 percent. This power level, which was determined calorimetrically, was a record at this frequency for any coherent device and an improvement in e,xperimental efficiency by an order of magnitude over all previous FEL experiments using intense relativistic electron beams.
'This improvement in performance was attributed to the care taken with the quality of the electron beam used in the experiments, which permitted operation in the collective regime. These results made it apparent that the very low efficiencies seen in the previous long wavelength FEL experiments using intense relativistic electron beams were most likely due to the use of electron beams that did not satisfy the axialvelocity-spread constraints for a collective FEL interaction. Also reported was the discovery of a very simple scaling relationship between the amplitude of the FEL emission and the calculated magnitude of / 3 , produced by various combinations of B, and B, at constant y, with only a weak additional dependence on the magnitude of BZ. This scaling relationship was found to be true both above and below gyroresonance. The observation of this simple scaling of emission with p, was the first experimental demonstration that the simple single particle picture of electron trajectories, shown in Fig.  2 , applied to an experiment using an intense relativistic electron beam, and it was a clear indication that FEL emission was likely to be the dominant experimental effect. These results were expanded upon in a paper by S. H. Gold et al. [28] . A subsequent paper by R. H. Jackson et ai. [29] spelled out the details of the diode design, carried out computational and experimental studies of beam quality, and verified that the beam propagation through the wiggler was in good agreement with calculations based on the single particle orbit theory. It reported measurements of radiation onsets and cutoffs as a function of experimental parameters, both above and below gyroresonance, that agreed with predictions based on single-particle orbits and on a recently developed coldbeam Raman FEL theory [19] . It also carried out preliminary studies of emission wavelength, based on the use of high pass and mode filters, that identified the radiation as FEL emission.
These results were noted by other workers, and have resulted in a variety of related experimental work. The concern for beam temperature led a group at Columbia Univeristy to construct a Thomson backscattering diagnostic for electron beam parallel velocity spread, in order to determine the characteristics of electron beams for use in their future FEL experiments.
They performed measurements on a close copy of the VEBA FEL diode, and reported that the claims made for the low-velocity-spread beam were in fact valid [30] . A group at the Laboratoire de Physique des Milieux IonisCs of the Ecole Polytechnique under J. M. Buzzi, whose earlier FEL experiments produced significant radiation, at low efficiency and with a very broad-band bandwidth, only very close to gyroresonance [31] , has also assembled a Thomson scattering diagnostic for the same purpose [32] . Various groups. have constructed new experiments in which great care is taken with electron beam quality (see, e.g., [33] - [35] ). The results of further experiments, studying the details of the emission spectrum, the spatial growth rate of the spontaneous emission, efficiency enhancement, and the production of air plasmas using the intense focused millimeter-wave emission from the experiment, were reT ported in a series of four additional experimental publications by $. H. Gold et al. [36] - [39] . These experiments focused on operation above gyroresonance where + < 0, the regime in which the earlier work had demonstrated the best operation. In these experiments, the efficiency was further improved to 6 percent, resulting in the production of 75 MW of radiation at frequencies near 75 GHz, as confirmed calorimetrically. Emission spectra were observed, using a millimeter-wave quasi-optical grating spectrometer [40] , that generally agreed with predictions for the FEL interaction. Coupling was observed to the two lowest order modes, the T E l l and TMol modes, of the cylindrical stainless-steel interaction waveguide, as illustrated in Fig. 3 . These observed spectral peaks are in reasonable agreement with the predicted FEL coupling frequencies shown in Fig. 4 , and allow a distinction to be made with respect to predictions for the cyclotron maser mechanism. The distinction is most clear cut far from gyroresonance, as is the case in Fig. 3 , since the comparable cyclotron maser couplings to these two modes would occur some 60-70 GHz higher in frequency.
Tuning of the emission spectrum was demonstrated by varying the axial electron velocity through changes in the magnitude of the wiggler magnetic field at constant axial field and constant beam energy, as illustrated in Fig. 5 . I The theoretical FEL curves in this figure are calculated for the position of the crossing intersections for the dispersion relations of the pump-shifted beam space-charge mode with that of the electromagnetic waveguide modes; note that this is only an estimate of the frequency of maximum growth for the FEL instability. The predicted position of the T E I , cyclotron maser coupling is also illustrated, with its exact location based on a recent paper by H. P. Freund and A. K . Ganguly that predicts a shift in 'Note that this figure differs slightly from that presented in [36] . the effective cyclotron frequency due to the presence of the wiggler magnetic field [41] . (This paper also generalizes the three-dimensional orbit theory somewhat by considering perturbations about axicentered orbits as well as by analyzing the case of non-axis-encircling trajectories.) The experimental points in this figure are in reasonable agreement with predictions for an FEL interaction; however, this case corresponds to operation somewhat closer to gyroresonance than that of Fig. 3 , so that the frequency distinction between the FEL and cyclotron maser is smaller. Broad instantaneous growth bandwidths at 21.5 dB/cm were experimentally measured, over the range of 65-90 GHz, by varying the length of the interaction region, thus demonstrating the important potential of the millimeter-wave FEL as a broad-band amplifier. These broad bandwidths are consistent with the predicted operating characteristics for an FEL operating above gyroresonance with @ < 0 [19] . The production of atmospheric-pressure air plasmas further confirmed the high millimeter-wave powers produced, demonstrated the coupling to both axicentered and hollow modes, as suggested by the grating spectrometer measurements, and allowed a simple demonstration of frequency tuning.
Tuning of the emission at high power over the range 25-100 GHz by varying the magnitude of the wiggler magnetic field at constant B, and y is demonstrated in Fig. 6 , which shows two air breakdown standing wave patterns, produced in full atmospheric pressure laboratory air by focusing the millimeter-wave FEL radiation in the vicinity of a metal plate using a 9.3 cm focal length Teflon lens. Breakdown occurs at half-wavelength intervals beginning at a quarter wavelength from the metal surface, allowing a simple experimental determination of the principal frequency component of the radiation. Microwave-induced breakdown of atmospheric-pressure air requires incident irradiances in the range of 3-5 MWicm' for a 15 ns radiation pulse, but the required power is reduced by a factor of 4 at the antinodes of the standing-wave electric field. Tuning with wiggler field clearly affects the gain and possible saturation of the experiment, and not just the emission frequency. The case of B, = 1.16 kG corresponds to 6, -0.23, while the case of B,. = 2.8 kG corresponds to 0, -0.43. These two cases correspond approximately to the two extremes of the wiggler tuning range at constant y = 3.4 and B, = 16 kG that still produce sufficient power to produce an atmospheric pressure air plasma. In fact, in the second case substantial beam scraping will occur due to the ampltiude of the wiggler-induced helical motion. The observed frequencies are in reasonable agreement with the predicted coupling frequencies shown in Fig.  4 for these values of /3 I.
However, superradiant FEL experiments have several important drawbacks. In such experiments, initial conditions, radiation growth, and saturation are intimately linked by the choice of experimental parameters, and they are thus difficult to separately characterize and to optimize. The broad emission linewidths that occur in such experiments also complicate theoretical modeling. In addition, superradiant FEL devices are likely to have limited practical application because of their lack of coherence (broad emission linewidths).
C. Amplijier Experiments
For these reasons, a true traveling-wave FEL amplifier experiment was assembled in 1983 [42] . The amplifier is a more practical FEL configuration and, furthermore, permits more straightforward single-frequency gain and saturation measurements with which to perform quantitative comparisons with the predictions of theory. This amplifier experiment was the first high-power, high-gain FEL amplifier driven by an intense relativistic electron beam, as well as the first true long-wavelength FEL amplifier of any kind since the early ubitron experiments of R. M. Phillips
In order to make use of an available high-power magnetron source, the amplifier experiment was designed to operate at 35 GHz. A directional sidewall input coupler was fabricated to permit signal injection in a vertically polarized TE, I mode without perturbing the electron beam. This was accomplished using two resonant sidewall slots separated by of a wavelength, and driven 90" out of phase by a short-slot hybrid coupler. The level of the injected signal could be varied using a high-power attenuator consisting of a phase-shifter and two hybrid waveguide tees. In addition, the experimental parameters were adjusted to optimize performance at this frequency. To provide a better match to the lower frequency operation, the voltage of the VEBA accelerator was lowered to produce a beam of 600 A at 900 keV. The wiggler and axial field strengths were selected to produce a / 3 , of order 0.3 at a reasonable separation from gyroresonance, and then experimentally optimized for gain and saturated emission at 35 GHz.
The remaining experimental parameters were B, = pler-shifted cyclotron maser line, w = kv, + Qo, is also shown for the same values of p,. For these parameters, this line is well separated from the space-charge line. Fig. 8 illustrates the linear growth of a 40 W signal as a function of interaction length, which was varied by changing the length of the axial field magnet. (Total system length in the figure is arbitrarily defined to include fixed length regions of wiggler entry taper and axial field exit taper that do not contribute to the linear gain.) The use of a small injected signal prevented saturation of the amplified signal at total gains of order 50 dB. Here power gain is defined as the ratio of vertically polarized output power to vertically polarized input power. Since the gain is expected to be circularly polarized (and the emission is found experimentally to be equal in both linear polarizations), the true gain is believed to be 6 dB larger than illustrated.
Operating at 35 GHz with these experimental parame-
ters as a true traveling-wave amplifier, the FEL has demonstrated high linear gain ( > 5 0 dB) at a high spatial growth rate (1.2 dB/cm), high power (17 MW) at good efficiency ( > 3 percent), and narrow emission linewidth ( < 300 MHz). These results are a confirmation of the potential of FEL's as high-gain amplifiers and as high-power coherent sources of millimeter waves, as well as a demonstration of a unique set of experimental capabilities. These capabilities include the ability to produce powers in excess of 10 MW at 35 GHz in the fundamental TE;', mode with input powers of less than 100 W, and the ability to generate very short (nanosecond) pulses at these power levels.
LINEAR INDUCTION ACCELERATOR EXPERIMENT A. Background
Free-electron laser experiments using the linear induction accelerator (LIA) began in 1981. The experiments were motivated by the uniquely long pulse duration (2 ps) of this accelerator. The pulse duration of other high-power millimeter wavelength FEL experiments has typically been on the order of a round-trip transit time of the radiation through the wiggler. In contrast, approximately 200 round trips of the radiation can take place during the 2 ps pulse of this experiment, so that a study of steady-state behavior can be performed which is directly applicable to various systems requiring CW or quasi-CW sources. Also, a long pulse will be required to operate in the oscillator mode, and it simplifies the study of saturation and other nonlinear effects.
The first LIA-FEL experiments used an axial field of 1-5 kG to confine the beam as it propagated through.the wiggler [43] , [44] . Three different types of wiggler (diffusive, planar, and helical) were used, and the radiation generated with each of them was studied in some detail. In particular, cyclotron emission was always observed whenever an axial magnetic field was present. The emission spectra typically contained many peaks, corresponding to various waveguide modes and at least two cyclotron harmonics, in addition to the desired FEL radiation. Consequently, the results were often ambiguous, and particular peaks could be positively identified only with great diffiThe cyclotron emission was particularly difficult to eliminate because the LIA electron gun is located in a null magnetic field. Therefore, when electrons were injected into the axial field used to guide them through the FEL interaction region, they acquired a significant azimuthal velocity (as required to maintain zero canonical angular momentum). This beam rotation greatly facilitated the cyclotron emission. Another problem encountered with the planar wiggler in combination with the guide field was a gradient drift which tended to cause the beam to be lost to the drift tube wall [45] .
To avoid these problems, the axial magnetic field was eliminated and the radial. focusing property of the helical wiggler was used to confine the electron beam. The elimculty.
ination of the axial field simplified both the experiment and the interpretation of the results. Another advantage of eliminating the axial field is that scaling to higher radiation frequencies is more straightforward. An FEL operating near the cyclotron resonance would require a prohibitively large axial magnetic field at wavelengths much shorter than 1 mm.
In this section, we will only describe experiments in which all the beam focusing and guiding is provided by a helical wiggler having a field amplitude on axis of B, = 1 kG. Although the beam current transported through the wiggler is about half that of previous FEL experiments using this accelerator 1431, [44] with Bz -2-4 kG, the FEL output power is about an order of magnitude higher and the spectrum is much clearer. Up to 4 MW of -30 GHz radiation has been generated from a 650 keV, 200 A beam [46] .
B. Description of Long-Pulse FEL Experiment
The electron beam which drives the long-pulse FEL is generated by a linear induction accelerator (LIA), a schematic of which is shown in Fig. 9 . The accelerator was designed and constructed at the National Bureau of Standards [47] , and its unique feature is a 2 ps duration pulse. The injector, which is normally operated at 350-450 kV, consists of a pulse-forming network and a 12: 1 step-up transformer powering an Astron I1 electron gun. This gun has an 11 cm anode-cathode spacing, and the cathode is located in an essentially null magnetic field (B; 5 3 G). A series of solenoidal coils is used to focus and transport the beam through the rest of the accelerator. The induction modules consist of two iron core units pulsed by separate modulators. Each of the units inductively drives an accelerating gap, which is typically run at 100-150 kV in these experiments. Consequently, the final beam energy is variable between 550 and 750 keV.
Although the electron gun was originally designed to operate with a thermionic cathode, the experiments described here have all been performed with a graphite brush cathode [48] . This 15 cm diameter cathode is fabricated by weaving graphite fiber yarn (Thornel, by Union Carbide) through an aluminum plate. The approximately l mm thick threads of -10 pm fibers are spaced 1 cm apart and are trimmed so that they extend 1 cm from the surface of the support plate. The fibers enhance the electric field, which averages only -40 kVicm without enhancement, so that electrons are field emitted at room temperature. This cathode has proven to be very reliable, long-lived (thousands of pulses with no evidence of deterioration), and has greatly simplified the operation of the accelerator. The gun operates satisfactorily at pressures of up to lop5 Torr, but beyond that point the accelerating gap insulators routinely flash over.
The two obvious drawbacks to this type of cathode for the present application are the increased beam emittance (due to the highly nonuniform emitting surface) and the tendency for the cathode plasma which is produced during the field emission to expand toward the anode, thereby reducing the gun impedance during the 2 ps pulse. From the injector voltage and current waveforms shown in Fig. 10 , we see that both the voltage and the current remain quite constant during most of the pulse, but that the voltage begins to drop substantially at -1.5 ps into the pulse. Until that time, the voltage drop is approximately 5 percent, which is more than the 2 percent observed with a thermionic cathode but substantially less than the 20-30 percent one would expect for plasma velocities of 2-2.5 cm/ ps, as have been observed with higher current density cathodes.
The beam emittance is measured by passing the beam through a mask containing 3 mm diameter holes and measuring the expansion of the resulting beamlets as they strike a target 2-10 cm away. In these measurements, only the first focusing coil is used, and the mask is placed 70 cm downstream of the coil where the beam current is 800 A and B, < 5 G. The target is a 0.2 mm thick molybdenum sheet backed with 1 mm thick NE 102 scintillator. For time-integrated measurements, an open shutter camera photographs the entire 20 cm diameter beam cross section. Time-resolved measurements are performed by taking streak photographs of one or two individual beamlets. Microdensitometer scans of the resulting photographs are shown in Fig. 11 . From these measurements, we find that the maximum angular beamlet divergence is r' = A r / A z = 0.014 and that this divergence is quite constant during the 2 ps pulse. Consequently, the normalized beam emittance is found to be E, = /3yarr' = 0 . 2 5~ rad * cm. This value is somewhat larger than the 0 . 1 4~ rad cm which was measured at NBS with a thermionic cathode and slightly lower beam current. To optimize the transport of this higher emittance beam, the accelerator transport field had to be increased by about a factor of 2 over the NBS value. With this modified transport field, a beam current of 600 A is extracted through a 2.5 cm diameter aperture at the end of the accelerator.
The wiggler is a bifilar helix having a 4 cm period and 4 cm diameter. The windings consist of two layers of 1.0 cm wide X 1.25 mm thick copper wire. The total wiggler length is 128 cm (32 periods), including a six-period adiabatic transition at each end. At the end of a bifilar helix, where the winding reverses direction, there is a current loop which generates a large field perturbation [49] . We have reduced this perturbation to < 3 percent of the peak field by placing an external compensating winding at the entrance end of the wiggler. The 3 cm i.d. X 0.75 mm thick stainless steel beam tube passing through the wiggler allows the pulsed wiggler field (100 ps rise time) to penetrate nearly unperturbed to the axis. A 1 kG field on axis is generated by pulsing a current of 8 kA through the windings.
One of the major advantages of the helical wiggler is that it provides radial focusing for the beam.
Thus, it is possible to propagate a relatively large beam current through the wiggler with no external focusing. Of course, the expansion forces on the beam (emittance and space charge) must be balanced by the focusing force for confinement, so there is a limit to the beam current that can be propagated. A plot of current transport through the wiggler is shown in Fig. 12 . As the beam expands from its focus at the entrance to the wiggler, the current decreases until the beam reaches the constant-amplitude portion of the wiggler. The current decrease in this transition region is a function of B,, but if B, 2 300 G there is no discernible additional current loss through the constantamplitude part of the wiggler. At the end of the wiggler, the beam is diverted to the wall of the beam tube, either by free expansion or with a perpendicular magnetic field. Measurements of the beam position and size in the wiggler are performed using a sliding molybdenum target with an attached scintillator which is photographed from the end of the wiggler. The beam radius is typically -0.5 cm, but the beam centroid is off axis by as much as 0.5 cm. Consequently, the beam executes a spiral motion as it propagates through the wiggler. The off-centering of the beam is indicative of the difficulty of properly matching the beam into the wiggler. This problem is much greater in this experiment, where the beam has to be propagated over a distance of about 3 m from the gun to the FEL, than in devices with the wiggler located immediately downstream from the beam diode.
The radiation is normally coupled out of the device through a conical horn and a 15 cm diameter Teflon vacuum window. Various diagnostics are then used to measure the power and frequency of the radiation.
C. Experimental Results
Because the wiggler provides all the electron beam focusing in this experiment, one might expect a strong dependence of the FEL performance on the wiggler field amplitude. The variation of radiated power and beam current with wiggler field is shown in Fig. 13 . Although the propagated current increases almost linearly with wiggler field up to about 750 G, there is a sharp threshold at B, = 400 G for the generation of significant FEL radiation. Both the transported current and the microwave power peak at B, -625-750 G. The ratio of radiated power to-beam current is nearly constant (to within the 10 percent experimental reproducibility) from B, = 500 G to 1 kG. As in the pulseline accelerator experiments discussed in Section 11, theoretical output frequencies are given by the intersections of the waveguide mode dispersion curve and the FEL-beam line:
where wh is the beam plasma frequency and w,, is the cutoff frequency of a particular waveguide mode, it is easy to show that Normally, in this experiment, output is observed at both the high and low frequency intersections, but the low-frequency output is typically about an order of magnitude lower in power. In normal operation, the beam energy is Eh = 650-700 keV, B, is I 1 kG, and the high frequency output peaks are at 30-35 GHz.
The frequency of the output radiation has been determined by using a series of cutoff filters, a gas-breakdown spectrometer [50] , and a Fabry-Perot interferometer [51] . All three diagnostics give the same center frequency, but the Fabry-Perot interferometer gives more precise spectral width information. This interferometer consists of two 3 mm thick polyethylene sheets which have conducting paint sprayed on one side to form partially transmitting mirrors. Radiation from a K,-band transmitting horn impinges on the fixed mirror, and a receiving horn collects radiation passing through the movable mirror. Standard crystal detectors monitor the input and output of the interferometer. Two sets of Fabry-Perot data are shown in Fig. 14 . Each point represents a single shot, and the dashed lines show the calibration curves at the two frequencies. As expected, the output frequency increases with beam energy. By comparing the width of the data peaks to that of the calibration peaks, we find that the linewidth is less than 10 percent. The fact that the FabryPerot output does not drop to as low a value as the calibration curves between peaks is consistent with the presence of an additional mode. Indeed, the high-pass filter data indicate the presence of an additional broad-band component with frequencies from approximately 40 to 60 GHz. However, such a broad-band output cannot be resolved by the interferometer. As will be discussed below, this higher frequency radiation is consistent with the excitation of a second FEL waveguide mode. The high frequency output power is measured with the gas-breakdown spectrometer and with a calorimeter. Again, the results agree to within the accuracy of the diagnostics. The spectrometer consists of a Lucite tube with a lens at one end and a plane copper mirror at the other. Radiation injected through the lens is collimated and reflected from the mirror, thereby creating a standing wave. The gas pressure in the tube is adjusted so that the gas breaks down just at the peaks of the standing wave. The breakdown is photographed and the wavelength and electric field amplitude are determined from the spacing of the breakdown spots and the gas pressure, respectively. Then the power is calculated from the electric field and the size of the spots. The calorimeter [29] consists of a pyramidshaped collector formed from 0.5 mm thick SynthaneTaylor L-564 absorber. Thermistors mounted on each face of the collector are connected in series to determine the temperature change. The calorimeter has a sensitivity of 0.16"C/J. Radiation is injected into the calorimeter through a 1.25 cm diameter tube, which cuts off the lowfrequency output. Radiation which leaks out the back of the calorimeter is monitored with a crystal detector to determine the pulse shape so that the power can be calculated.
The maximum radiated power is obtained with Eb = 700 keV, Ib = 200 A, and B, = 625 G . A peak power of 4 MW has been measured in this case, as calculated from a measured pulse energy of 1.4 J and a radiation pulse duration (FWHM) of 0.35 ps. The relevant oscilloscope traces are shown in Fig. 15(a) . Note that the beam current-pulse duration is only about half that of the gun pulse. At the time this experiment was performed, adjusting the transport coils for maximum beam current resulted in the excitation of a cavity instability in the acceIerator beam tube. This instability is indicated by the large RF oscillations (550 MHz) shown on the accelerating gap voltage traces. This instability disrupted the beam and shortened the beam and radiation pulse durations.
By detuning the transport coils or by aperturing the beam at the gun, we were able to prevent the instability and obtain full 2 ,us duration output pulses, as shown in Fig. 15(b) .
However, because the beam current was only S 100 A in this case, the peak microwave power was reduced. Subsequently, the beam instability was studied in detail, and was found to originate in the large-diameter section of the beam tube connected to the gun (see Fig.  9 ). This section of tube forms a cavity having a TElll mode resonance at exactly the 550 MHz frequency observed on the beam. We were then able to eliminate the cavity oscillation without reducing the beam current by placing a dielectric strip along the wall of the beam tube, or by shorting the T E , , , RF field in the tube with a thin wire.
To determine the radiation mode structure, a IC,-band pickup waveguide is placed at various positions on the face of the output window. The waveguide is rotated to detect either E, or Eo, the electric field components of the RF field. The results of these measurement are shown in Fig.  16 . Both field components are quite symmetric about the axis, and the results are the same along both the vertical and horizontal diameters. No single mode exists with field components that have the measured profiles, so at least two separate modes must be present. As shown in the figure, a reasonably good fit to the data is obtained by superimposing TEI, and TEol modes of similar peak amplitudes. Since only the T E l l mode has a radial component, the radial data is used to determine the amplitude of that mode. Then it is found that a TE,, component with a 36 percent higher amplitude is required to give a reasonably good fit to the azimuthal field data. Also, the observed symmetry is consistent with the generation of a circularly polarized TE,, mode, as expected with the helical wiggler. 
D. Discussion
Both the Fabry-Perot interferometer and the high-pass filters show the predominant frequency to be 30-33 GHz when B, = 1 kG and E,, = 650 keV. This frequency is somewhat less than would at first be expected from (1) using a yz determined from both the total y and the per- wiggler field of 1.5-1.6 kG or 2.1-2.3 kG would be required to generate 30 GHz radiation in the TEol or TE,, mode, respectively, assuming that the perpendicular velocity is due only to the wiggler. To a large degree, this apparent discrepancy can be explained by the experimental observation that the beam centroid is -0.5 cm off axis.
The off-axis electrons experience a higher wiggler field and undergo betatron oscillations, both of which increase p,. The TEol field intensity peaks at r/a = 0.5 ( r = 0.75 cm), at which point the wiggler field is calculated to be 58 percent larger than the field on axis. It is not unreasonable to expect that the outer electrons couple most strongly to the TEol mode. These electrons are in a wiggler field that is large enough to account for'the observed frequency in that mode.
The higher frequency broad-band emission that is observed using the high-pass filters is presumably the TEll emission that is detected during the mode measurements. Although this emission has not been studied as carefully as the narrower band emission at -30 GHz, the observed frequency range of 40-60 GHz is roughly consistent with the expected output frequencies given the range of wiggler fields sampled by the beam. A quantitative, three-dimensional analysis of the interaction, which would be required to calculate the theoretical coupling, is very difficult and beyond the scope of the present work. However, it is interesting to note that the narrower band output is apparently in the TE,, mode, which has a relatively narrow intensity profile across the waveguide. Also, as shown in Fig. 17 , electrons with p, > 0.28 cannot interact with the mode. Thus, it is plausible that only electrons in a relatively small annular region interact strongly with the TEol mode. These electrons could be expected to have a smaller axial velocity spread, at least due to the wiggler field gradient, than the full beam. Thus, the TEol output .might be expected to have a narrower linewidth than the TEll mode, which has a broad profile that encompasses the full beam.
Assuming then that the narrow-band output is in the TEol mode, we can analyze the observed tuning of the output with total beam energy. When E,, is decreased to -575 keV (y = 2.13), the output frequency drops to -24 GHz. Theoretically, this emission should be generated by A numerical analysis of this experiment using the 1-D nonlinear theory, described in [52] , has been performed by C. M. Tang. She finds that the theoretical efficiency can be increased from -5 percent with a constant parameter wiggler to >25 percent with a wiggler having an appropriately tapered amplitude and/or period. A representative result is shown in Fig. 18. An experimental study of efficiency enhancement using tapered wigglers is planned.
Work is in progress to improve the beam quality and the beam centering in the wiggler. This should enhance the excitation of the fundamental T E l l mode. The success of the experiment to date suggests that a repetitively pulsed, long-pulse, high-power FEL would be an attractive means of delivering high energy millimeter-wavelength radiation. The long-pulse capability of this experiment makes an oscillator configuration very attractive. Furthermore, the long pulse duration together with the high current level make a high-power two-stage oscillator feasible 1531, [54] . A two-stage FEL driven by the present electron beam is capable of operating at submillimeter wavelengths, and with a modest increase in beam energy it should be possible to reach the infrared or even shorter wavelengths .' We are currently addressing these issues.
IV. CONCLUSIONS The history of long-wavelength FEL research traces directly from the early low-voltage ubitron experiments of R. M. Phillips at General Electric in the late 1950's 2nd early 1960's. Early attempts to transfer this concept to the higher currents and voltage available from pulseline accelerators (kiloamperes at megavolts) produced record powers at a variety of wavelengths, from submillimeter to centimeter waves, but at vanishingly low efficiencies (-0.003-0.2 percent). Two recent sets of experiments have been carried out at NRL, using a magnetized beam from a pulseline accelerator, and an unmagnetized beam from a long-pulse linear induction accelerator. Each of these experiments has succeeded in demonstrating successful FEL operation, producing megawatts of millimeter-wave radiation with efficiencies in the range of 3-6 percent. The short-pulse FEL based on a pulseline accelerator has succeeded in operating both as a superradiant amplifier in the range of 25-100 GHz and as a true highgain amplifier at 35 GHz. Further experiments on it are planned in the near future. The long-pulse FEL based on the induction linear accelerator has also operated successfully as a superradiant amplifier, and will be used for oscillator experiments in the near future. The results of these experiments have aroused strong interest in further investigations of long wavelength FEL devices. A growing list of new long-wavelength FEL experiments at a number of different laboratories, both planned and already under way, will further explore and extend the parameter space that these two experiments have pioneered.
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